ABSTRACT: Developing stable, ubiquitous and efficient water-splitting photocatalyst material that has extensive absorption in the visible-light range is desired for a sustainable solar energy-conversion device. We herein report a triazine-based carbon nitride (CN) material with different C/N ratios achieved by varying the monomer composition ratio between melamine (Mel) and 2,4,6-triaminopyrimidine (TAP). The CN material with a different C/N ratio was obtained through a two-step synthesis protocol: starting with the solution state dispersion of the monomers via hydrogen-bonding supramolecular aggregate, followed by a salt-melt high temperature polycondensation. This protocol ensures the production of a highly crystalline polytriazine imide (PTI) structure consisting of a copolymerized Mel-TAP network. The observed bandgap narrowing with an increasing TAP/Mel ratio is well simulated by density functional theory (DFT) calculations, revealing a negative shift in the valence band upon substitution of N with CH in the aromatic rings. Increasing the TAP amount could not maintain the crystalline PTI structure, consistent with DFT calculation showing the repulsion associated with additional C-H introduced in the aromatic rings. Due to the high exciton binding energy calculated by DFT for the obtained CN, the cocatalyst must be close to any portion of the material to assist the separation of excited charge carriers for an improved photocatalytic performance. The photocatalytic activity was improved by providing a dendritic tipon-like shape grown on a porous fibrous silica KCC-1 spheres, and highly dispersed Pt nanoparticles (<5 nm) were photodeposited to introduce heterojunction. As a result, the Pt/CN/KCC-1 photocatalyst exhibited an apparent quantum efficiency (AQE) as high as 22.1 ± 3% at 400 nm and the silica was also beneficial for improving photocatalytic stability. The results obtained by time-resolved transient absorption spectroscopy measurements were consistent with the improved photocatalytic activity with the slowest carrier recombination for the optimized CN photocatalyst.
INTRODUCTION
The design of an efficient hydrogen evolution photocatalyst based on abundant organic materials remains a key challenge for realizing a clean and sustainable solar fuel-based energy economy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Polymeric carbon nitride (CN), initially reported by Berzelius and Liebig in 1834, has been found to be a stable organic photocatalyst for the photoredox splitting of water (half-reactions with suitable sacrificial reagents). 13, 14 The basic sub-unit would be either triazine or heptazine or even both interconnected through NH-bridges, resulting from the polycondensation of precursors such as dicyandiamide, cyanuric acid, melamine, and urea, with continuous elimination of NH 3 . 15, 16 However, theoretical quantum chemical calculations have shown that structures containing heptazine motifs are thermodynamically more stable than those based on triazine units. 17, 18 Unlike kinetically limited solid state reactions, salt melt solution at high temperature synthesis leads to welldefined, crystalline, triazine-based polyimide networks. 19, 20 Although the optoelectronic and photocatalytic properties largely rely on the degree of polymerization, controlling of the planarity of the layers along with chain or surface termination are crucial in improving photocatalytic activity. Recently, we showed that an appropriate number and arrangement of dopants in the crystalline CN structure can enhance photocatalytic activity. 21 In particular; the crystallinity and the light harvesting in the visible range can be tuned to achieve high overall solar conversion efficiency. For triazine-based CN, however, the latest photocatalytic efficiency is still unsatisfactory for commercial realization, and the observed deactivation with time, of course, requires additional extensive research on its activity and stability. 21 A variety of operational principles are encountered in the photocatalytic process, the fundamental steps being light absorption, exciton dissociation, charge-carrier diffusion and transport, and electrocatalytic redox reactions. 22 In photocatalysis, particularly when using CN photocatalysts, morphology and surface area, in relation to the effective charge separation, are important parameters. [23] [24] [25] [26] [27] [28] [29] [30] Density functional theory (DFT) is a useful and powerful technique to obtain the relevant photophysical and optoelectronic parameters of a given photocatalyst. 31, 32 In addition to structure determination, DFT calculations can lead to the simulation of several semiconductor properties such as the bandgap, the dielectric constants and band positions, with good accuracy thanks to recently developed functionals such as HSE06. 33 Furthermore, the excitonbinding energy and effective masses of electrons and holes are very important parameters, accessible from calculations, in 2 order to qualify a semiconductor as good photocatalytic material. 34 In this work, we combined experimental and theoretical studies to deeply understand the structural and electronic properties of visible-light-responsive CN materials. The polytriazine imide (PTI) crystal structure was obtained by copolymerization between melamine (Mel) and 2,4,6-triaminopyrimidine (TAP), which enhances the visible light response. Detailed DFT calculations pin down the effects of TAP incorporation into the PTI structure for band structure and dielectric and optoelectronic properties. We also envisaged a strategy to improve the photocatalytic activity and stability of CN by introducing silica as support, while providing crystallinity along with improved light harvesting. Silica is often used as a hard template to produce a unique morphology of CN comprising a high surface area. [35] [36] [37] [38] Wang et al. recently reported the use of fibrous spherical KCC-1 silica particles 39 as a hard template to produce porous and spherical heptazinebased CN with a large optical bandgap. 35 To date, little attention has been given to elucidating the effects of silica as a support (without its removal) on CN photocatalysis. [40] [41] [42] We employed KCC-1 silica as a support for the flux-assisted synthesis of the PTI structure. This study clearly describes how to establish highly crystalline CN with a tunable bandgap, robust structural integrity and a slow charge carrier recombination rate, resulting in significant improvements in photocatalytic performance. A structural and kinetic understanding has been attempted by advanced high-resolution electron micrographs and time-resolved transient absorption spectroscopy.
EXPERIMENTAL AND THEORETICAL METHODS Synthesis of Carbon Nitrides. Detailed synthesis procedure is described in the Supporting Information (SI). Typically, we used 1 g of melamine (Mel) and the required amount (X g, typically 0.15 g) of 2, 4, 6-triaminopyrimidine (TAP) in various ratios as CN precursors. KCC-1 silica was first acidified with 1 M HCl at a 60 °C temperature for 12 h because it is considered beneficial to coordinate strongly with the CN precursors and their organization before polycondensation. We mixed them together with acid-treated silica in absolute ethanol and stirred at 100 °C for 2-3 h, yielding a light yellow powder. This solid powder was mixed and grinded with a eutectic mixture of LiCl/KCl (59/41 mol ratio), transferred to a half-sealed crucible, rapidly heated to 550 °C in a muffle furnace (Nabertherm, L9/11/SKM), and kept at this temperature for 4 h. After cooling to room temperature, the excess salt mixture was washed with boiling water, filtered, and then dried in an oven at 80 °C overnight. The obtained product is denoted as PTI-X/KCC-1, where X represents the amount of TAP relative to 1 g Mel. The sample with silica removal was also prepared using 4 M NH 4 HF 2 . Heptazine based g-C 3 N 4 was also synthesized as a reference material, in accordance with the literature (see SI).
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Characterizations. The powder X-ray diffraction (XRD) patterns of the samples were collected with a Bruker D8 advance X-ray diffractometer using Cu Kα radiation (λ = 0.154 nm) operated at 40 kV and 40 mA in the Bragg-Brentano geometry using a linear position-sensitive detector with an opening of 2.9°. A nickel filter to attenuate contributions from Cu-K β fluorescence.
Infrared (IR) spectra were recorded using a Perkin Elmer Spectrum 100 FTIR spectrometer with an attenuated total reflectance unit and a mid-infrared deuterated triglycine sulfate (MIR-DTGS) detector. The spectra were obtained at a resolution of 4 cm −1 in the range of 4000-650 cm −1 and with the accumulation of 32 scans.
Optical diffuse reflectance spectra using the Kubelka-Munk function were collected at room temperature with a UV-Vis diffuse reflectance spectrometer (JASCO V-670). Spectralon (Labsphere, Inc.) was used as a reference, and the powders were prepared over a quartz disc.
Elemental analysis of elements C, H, N and S was accomplished via high-temperature digestion coupled with dynamic gas component separation. The samples were explosively combusted at 900 °C in a highly oxygenated helium atmosphere. The combustion products were CO 2 , H 2 O, H 2 , NO, and NO 2 . Acetanilide was used as the standard sample for qualitycontrol measurements. The detection of the gases was performed using a thermal conductivity measurement cell. Measurements were conducted on a Flash 2000 Thermo Scientific CHNS/O analyzer.
The solid-state 13 C and 29 Si magic angle spinning nuclear magnetic resonance (MAS NMR) spectra of the PTI-0 and PTI-0.15/KCC-1 were recorded at ambient temperatures on the Bruker Avance III 400WB solid-state NMR spectrometer with an external magnetic field of 9.4T using a 4 mm ZrO 2 rotor with a 10 kHz MAS spinning speed. The calibration was performed using isotopically labeled L-alanine as a standard.
X-ray Photoelectron Spectroscopy (XPS) analysis was conducted by using an AMICUS/ESCA 3400 KRATOS instrument equipped with Mg anodes at 12 kV and 10 mA. A prominent maximum peak of C1s at 284.2 eV was taken as the reference to calibrate the XPS spectra.
Nitrogen adsorption-desorption isotherms were obtained using a Micromeritics ASAP 2420 surface area analyzer at liquid nitrogen temperature (−196 °C). Prior to gas adsorption, all samples were degassed for 4 h at 120 °C.
To determine the morphology of the carbon nitride materials, field emission scanning electron microscopy (SEM) images were taken using a Nova Nano SEM instrument.
Bright-field transmission electron microscopy (TEM) and selected area electron diffraction measurements were carried out with an FEI Company's Titan 80-300 CT equipped with a field emission gun, operated at an accelerating voltage of 300 kV. Prior to the analysis, the samples were dispersed by sonication in ethanol suspension, and the small amount of the resultant solution was dispersed on a holey-carbon film coated on a copper grid. The samples were then mounted on a doubletilt holder and transferred to the microscope. The electron energy-loss spectra (EELS) were collected in diffraction mode at an accelerating voltage of 300 kV using a post-column filter of model GIF Tridiem from Gatan, Inc. The elemental edges of C, Si, and N were then analyzed to determine the elemental composition of these elements. GIF was also utilized in the energy-filtered TEM mode to show the elemental distributions of the C, Si, and N elements. Moreover, the C-K edge, Si-L23 edge, and N-K edge were selected to generate the elemental maps of the C, Si, and N elements, respectively. The samples were also analyzed using the high-angle annular dark-field (HAADF) scanning TEM (STEM) in conjunction with energydispersive X-ray analysis (EDXA) to investigate the presence of Pt nanoparticles on the samples.
Pump-probe spectroscopy with femtosecond (fs) and broadband capabilities and 120 fs temporal resolution was used to 3 probe the dynamical events that occurred upon photoexcitation. The experimental setup is detailed elsewhere. 43 Briefly stated, it employed a white light-continuum probe pulse generated in a 200 µm CaF 2 crystal in an Ultrafast System LLC spectrometer using some µJ pulse energy of the fundamental output of a Ti sapphire fs regenerative amplifier, operated at 800 nm with 40 fs pulses and a repetition rate of 1 kHz. The pump pulses at 350 nm were created from fs pulses generated in an optical parametric amplifier (Newport Spectra-Physics). The pump and probe beams were finally focused on the sample, and the transmitted probe light from the excited samples and collected using broadband UV-Vis detector to record the transient absorption spectra in real time.
Photocatalytic Test. Typically, the CN catalyst (25 mg) was dispersed in 25 mL of 10 vol% triethanolamine (TEOA) aqueous solution and then sonicated for 15-20 min in an ultrasonic bath. TEOA was used as a sacrificial electron donor. Then, 38.4 µL of a 0.1 M H 2 PtCl 6 solution (3 wt% Pt) was added and directly used for photocatalytic testing (photodeposition). The reactions were carried out in a Pyrex topirradiation reaction vessel connected to a glass closed gas circulation system. The reactant solutions were degassed several times to remove air. Irradiation was conducted with an Asahi Max-303 equipped with a 300 W Xenon lamp and a UV-Vis mirror configuration (385-740 nm) under an Ar atmosphere at 100 Torr. The photon flux is shown in the SI ( Figure S1 ). The produced gases were analyzed with a gas chromatograph (Shimadzu 8A) equipped with a thermal conductivity detector with Ar as the carrier gas. The wavelengthdependent photocatalytic hydrogen evolution reaction (HER) for PTI-0.15/KCC-1 was conducted using an Asahi lamp with different band-pass filters, the photon distribution and numbers of which are shown in the SI ( Figure S1 ). We confirmed that the further loading of the photocatalyst over 25 mg in the photoreactor gave similar HER rates within experimental error.
Calculation Methods. DFT calculations were performed with the range separated hybrid functional HSE06 33 employing the ab initio CRYSTAL14 code 44, 45 that uses localized (Gaussian) basis sets and self-consistently solves the Kohn-Sham equations, allowing for the efficient use of hybrid functionals. All calculations used a 6-31G(d,p) basis set, and the sampling of the Brillouin Zone was performed with a 7×7×3 Monkhorst-Pack mesh 46 for the bulk structures studied, assuring good convergence. To take into account dispersion interactions, the semi-empirical method proposed by Grimme, known as D2, was used. 47 The dielectric constant ε r was calculated only for bulk systems due to its cumbersome definition in two dimensions. 48 Frequency calculations were performed within the harmonic approximation to the lattice potential, and infrared intensities were obtained through the Berry Phase method to determine the vibrational term ε v and validate the nature of the stationary points. 49 The electronic term ε ∞ was calculated with the Coupled-Perturbed Hartree-Fock (CPHF) method. [50] [51] [52] Because this method is not compatible with HSE06 in CRYSTAL14, we used its parent functional PBE0 instead and for this property only. The electron affinity (EA) was computed using the protocol proposed by Stevanović et al. 53 According to this protocol, the EA is obtained from the position of the conduction band (CB) of a surface of the semiconductor. A five-layer slab was used to model the surface.
RESULTS AND DISCUSSION
The synthesis procedure was established by the optimization of multiple reaction steps. 21 The initial step was to select the precursor ratio of Mel and TAP with and without KCC-1 silica. As we reported previously, 21 the supramolecular aggregation process of the CN precursors was found to be beneficial to improve photocatalytic performance. The process operated at 100 °C in ethanol essentially utilizes hydrogen bonding of Mel and TAP. 21 The improved photocatalytic rates are likely because of the highly ordered conformation before polycondensation, leading to well-ordered crystalline polymer materials. The use of the molten salt state of the LiCl/KCl mixture at high temperature led to crystalline polymers comprising triazine building units. 54 The details of our optimization attempt at the supramolecular formation step are described in the SI ( Table S1 ).
The copolymerization of Mel and TAP successfully tuned the bandgap. The introduction of more C to the aromatic ring led to narrowing the bandgap; the increase of the TAP amount in the structure, however, caused a loss of crystallinity. 21 The UV-Vis spectra and XRD patterns of PTI-0, PTI-0.15 with and without KCC-1, and following silica removal are shown in Figure 1 . The crystalline polytriazine imide (PTI-0 without silica) shows strong absorption in the UV range, and continues up to ~460 nm, consistent with the previous reports ( Figure  1A ). 21 The intense peak observed at approximately 400 nm is assigned to a π-π* transition generally observed in the conjugated ring system, including the aromatic heterocycle. The peak near 500 nm, typically assigned to the n-π* transition, which is forbidden for the strictly planar system, confirms the developed distortion in the inter-layer stacking in corroboration with the XRD pattern. 55 Consistent with the previous results for the samples without silica, 21 the incorporation of chemically compatible C-dopants into the PTI structure by TAP (PTI-0.15) led to a shift in the absorption edge in the visible light range up to > 600 nm ( Figure 1A ). This increase in C-dopants also led to loss of crystallinity ( Figure 1B ) and the further incorporation of TAP leads to produce amorphous nature of the materials. 21 In the presence of KCC-1 slight hypsochromic shifts of the absorption edges were observed compared to those without KCC-1. Silica removal through treatment with aq. NH 4 HF 2 caused a further hypsochromic shift.
Elemental analyses showed that the C/N molar ratio rose with the increase in dopant concentration (Table 1) . Typically, the C/N ratio was 0.66 for PTI-0, whereas it increased to 0.76 for PTI-0.15. The presence of KCC-1 did not alter the C/N ratio significantly (0.78 for PTI-0.15/KCC-1). The powder XRD patterns of PTI-0 showed sharper crystalline peaks, reflecting a better crystalline structure ( Figure 1B) . Previously, we demonstrated that the simultaneous decrease in the bandgap as well as crystallinity of the materials upon increasing the TAP amount. 21 The incorporation of the TAP unit in the PTI polymer (PTI-0.15) reduced the degree of crystallinity compared to that of PTI-0 ( Figure 1B) . The peak appeared at 12.2° (2θ value) was attributed to the in-plane arrangement of the triazine building units. The presence of silica (PTI-0.15/KCC-1) does not affect the XRD pattern significantly. Moreover, the contraction of the interlayer spacing (d 002 ) from 3.25 Å to 3.17 Å indicated the CN layer distance decreased upon removal of the silica template ( Figure 1B) , consistent with the literature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 DFT calculations were used to describe the copolymerization effects on the structure and optical properties. The CN was modeled by the incompletely polymerized PTI-0 structure proposed by Lotsch and coworkers, 57 from which LiCl was removed, thus leading to the composition g-C 6 N 9 H 3 . Refining the P6 3 cm structure proposed in the literature yielded a local minimum with P6 3 /mcm symmetry. The chemical and 3D structures of all the compounds are provided in Figure 2 . For PTI-0 ( Figure 2D) , it can be seen that the rings are superimposed along the interlayer direction, probably to favor the π stacking while the atoms from one layer to another are not aligned to avoid steric repulsion. The computed bandgaps are presented in Table 2 . For the PTI-0 bulk system, the bandgap corresponding to the energy difference between the top of the valence band and the bottom of the conduction band (noted ‫ܧ‬ ) was found to be 4.37 eV. But this property does not correspond to the optical bandgap measured experimentally. The optical bandgap (noted this is different. The binding energy of exciton is higher than 1 eV leading to computed optical bandgap around 3.0 eV closer to experimental value (~2.6 eV). 13 The slight discrepancy between DFT and experiment for the optical bandgap could remain in the structure of the CN that is perfectly polymerized and crystallized in the DFT calculation while it is not perfectly crystallized experimentally.
The influence of C-doping by TAP was investigated only on monolayers because no resolved structures were obtained for this type of doping. C-doping concentrations of 0, 12.5 and 50% were investigated, which correspond to PTI-0, PTI-0.143, and PTI-1, respectively. The optimized structures of the doped systems are visualized in Figure 2A -C. The influence of the monolayer approximation on the bandgap was first investigated on PTI-0. The calculations revealed a 0.48 eV increase in bandgap upon exfoliation to the monolayer, consistent with the trend of the measured values. 58 Following a single point calculation on one non-optimized layer in the bulk structure, it was determined that this effect is almost entirely electronic and unrelated to the relaxation of the atomic positions. Five layers of PTI-0 led to a bandgap of 4.4 eV, sufficient to represent that of the bulk material, confirming the influence of the packing to narrow the corresponding bandgap. 58 Figure 3 presents the band positions for the five-layer slab of PTI-0 and TAP-doped PTI monolayers. Using a monolayer configuration, the calculation revealed a bandgap reduction by 0.6 eV by PTI-0.143 with respect to PTI-0. This bandgap reduction came from a negative shift in the valence band (VB) level upon doping, an effect known to occur upon atomic substitution by a less electronegative element, 59 ,60 and con-5 firmed by our calculations. In Figure 4 , the band structure (A) and Density of States (DOS, B) are shown. The band structure reveals that the first transition is direct and occurs at the Kpoint and further reveals a degree of electron mobility in the molecular plane, as shown by the curvature of the Conduction Band in the K-M and K-Γ directions. A shift as observed here, from a K-point to a Γ-point transition, is common upon going from a bulk to a 2D-material. 61 The path corresponding to interlayer crossing, Γ-A, expectantly reveals that charge mobility in the interlayer direction is negligible. The DOS reveals that, as shown in Figure 4B , the N atoms are the main contributors to the VB on pure PTI-0, and a modification made onthis position (such as C substitution) will strongly affect the VB edge energy. The CB consists of an anti-bonding combination of C and N 2p orbitals and is affected negligibly by substitution on the N site. The conduction band also exhibits a negative shift upon doping by TAP, but it is less pronounced than the valence band, leading to bandgap reduction. Notably, the further increase in doping amount from 12.5% to 50% did not significantly alter the VB and CB positions, leading to a similar bandgap for the two doping concentrations. For a bandgapengineering point of view, only a slight doping is needed. Nevertheless, this negative shift of valence band of 0.6 eV still allows the oxygen evolution reaction to happen thermodynamically (See Figure 3 DFT geometries predicted an interlayer distance of 3.26 Å of the bulk PTI-0 system, in good agreement with the experimentally obtained values (~3.2 Å). In a planar dimension, a dihedral angle of 0° was calculated. When two neighboring molecules are both TAP molecules, as shown in Figure 2E , the dihedral angle between the repulsive groups is 21.7°, and the resulting corrugation of an individual layer was found to be 1.56 Å, explaining the loss of crystallinity upon increasing the TAP content observed in the XRD patterns ( Figure 1B ). The energy of stabilization involved by the torsion of the layer when two TAP molecules are adjacent is computed to be 26 kJ mol −1 , compared to a situation where the two adjacent TAP molecules are coplanar.
The morphological characterizations of the synthesized CNs were conducted by field emission SEM, and the results are shown in Figure 5 . Typical synthesis of PTI structure without silica leads to a thick, rod-like morphology with the diameter of 0.5-2 µm, with smaller hairy rod-like shapes (a few tens of nm) that are grown outwards (Figure 5a ). In contrast, synthesis of CN on KCC-1 fiber (PTI-0.15/KCC-1) resulted in CN fibers with a thickness of 20-30 nm, projected outwards of the sphere and assembled in an organized way (Figure 5c ), reflecting the uniformly sized nano-sphere with dendritic fiber oriented three dimensionally with a diameter of 300 to 500 nm for the pristine KCC-1 (Figure 5b) . A hollow, spherical CN was likely formed after the removal of the silica template (Figure 5d ), implicating the efficient use of a hard template for nano-or micro-structuring. In addition to spherical dendritic CN, a hedgehog-like morphology was also observed. The microstructure of CN was further analyzed by a brightfield TEM, as shown in Figure 6 . A spherical morphology with sharp CN fibers was observed for the PTI-0.15/KCC-1 sample. To understand the composition of the sample, we performed EELS, which demonstrates the presence of the π-conjugated C-N bond together with the presence of Si in the PTI-0.15/KCC-1 structure. To ensure the exact position of silica, we also performed C, N, and Si elemental mapping with energy-filtered TEM (EFTEM) technique, which confirmed the spherical growth of CN, reflecting the original morphology of KCC-1. It appears that KCC-1 lost its original shape and the resultant CN looks hollow structure. To investigate any change in the silica structure, we heated KCC-1 with the same amount of salt mixture without using CN precursors. After washing the excess salt with hot water, we found the KCC-1 with a hollow structure ( Figure S2 ). Heating KCC-1 itself at 550 °C showed only the reduced thickness of the fiber from 10 to 5 nm and showed that the fibrous structure was stable up to 950 °C; 39 therefore, the salt mixture (alkali ions) at high temperature indeed reacted with silica, thus collapsing the fibrous nature and rendering it hollow instead. It is considered that the dendritic morphology of the CN is determined relatively at lower temperatures, utilizing original morphology of silica, and then at higher temperature, where CN polymerization in molten salt state happens, simultaneous removal and distortion of its original macroscopic morphology happens to create hollow CN structure. In the IR spectra, absorption bands at 1271 and 1370 cm −1 were found in the PTI-0 structure. They were assigned to be characteristic of the C-NH-C unit ( Figure S3 ). With the addition of TAP, a new peak was observed at 910 cm −1 in PTI-0.15 samples. This peak is typically attributed to the out-of-plane bending vibration of aromatic C-H, consistent with the successful incorporation of pyrimidine into the CN structure. The peaks appeared at 1460 and 1581 cm −1 were the vibrational mode specific to the ring deformation. The characteristic peak for triazine ring breathing appeared at 806 cm −1 for all samples. Thus, the IR and elemental analysis results clearly indiPage 6 of 14 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 cate the incorporation of C atoms through the integration of the pyrimidine moiety into the CN network. Solid-state magic-angle-spinning (MAS) NMR spectra provide useful information about the structural insight of the CN backbone. Because the PTI-0.15/KCC-1 contains comparatively less silica, we performed single pulse 29 Si MAS NMR spectroscopy, and the resulting spectrum showed one characteristic signal at δ = −119 ppm ( Figure S4 ), which was slightly lower than the value (δ = −109 ppm) generally assigned to the Q4 sites corresponding to the SiO 4 substructures, observed in KCC-1. Unlike these latter two, the spectra of PTI-0.15/KCC-1 contained no peak attributed to Q3 and Q2 sites at δ = −100 and −91 ppm, meaning that the amount of free silanol groups was too small to be detectable. As seen in Figure S4 , a very strong signal was observed at δ ≈ 162 ppm in the 13 C cross polarization MAS NMR spectrum of PTI-0.15/KCC-1, attributed to the characteristic peak of the ring carbon of the triazine or heptazine moiety.
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We also performed XPS analysis of the three samples, PTI-0.15, PTI-0.15/KCC-1 and PTI-0.15/KCC-1 silica removal ( Figures S5-S7 ). For the PTI-0.15/KCC-1 sample, the survey scan spectrum confirmed the presence of carbon, nitrogen, oxygen and silicon. From the deconvoluted C 1s spectrum, two major peaks were identified, one at 287.5 eV attributed to sp 2 -bonded carbon (C=N) and another at 284.9 eV assigned to graphitic carbon. The N 1s spectrum was deconvoluted into four peaks with binding energies at 398.3, 399.9, 401.0 and 403.5 eV, where the highest intensity peak at 398.3 eV was assigned to sp 2 -bonded nitrogen (N=C) within an aromatic ring, and the peak at 399.9 attributed to sp 3 nitrogen or bridging nitrogen. 20 The observed separation in binding energy between N-ring and N-bridging was 1.6 eV. A clear Si 2p XPS peak with binding energy of 103.8 eV confirmed the presence of silicon in PTI-0.15/KCC-1, whereas, other two samples did not show any peak related to silicon.
The surface area for KCC-1 was 368 m 2 g −1 (Table 2) , and isotherm showed a type-IV of typical mesoporous materials ( Figure S8) . The surface areas of PTI-0, PTI-0.15 and PTI-0.15/KCC-1 were 90, 178, and 177 m 2 g −1 , respectively. A very similar surface area as well as pore size and volume (Table S2) were observed for the sample with and without using the KCC-1 template, not accounting for any differences in photocatalytic activity. Silica removal with aq. NH 4 HF 2 led to a decrease in surface area, consistent with the destruction of the fibrous morphology observed in the SEM image ( Figure  5d ). The BET surface area of PTI-0.15 was found to be larger than that of PTI-0 because of its relatively amorphous structure caused by the TAP doping, consistent with the XRD pattern ( Figure 1B) .
To further understand the applicability of CN in photocatalytic water splitting, we invoked further our DFT approach to compute several fundamental properties, such as the dielectric constant, ε r , that influence the exciton binding energy (E b ), the effective mass, m*, and the charge carrier's mobility µ (Table  1) . 34, 62, 63 A detailed explanation of how these properties are calculated is available in the literature. 34 It should be reiterated that the exciton binding energy is computed in the framework of the Wannier-Mott model. More precisely, the 2D WannierMott exciton was used (see supporting information for equations). 64 The dielectric constant of bulk PTI-0 is equal to 4.6, lying between the values typically obtained for inorganic semiconductors (>10) and polymeric semiconductors (~3). 
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The band structure and DOS for the bulk system are supplied in Figure 4 . For the charge-carrier mobilities, the electron appears relatively well delocalized, with effective masses of approximately 0.5 m e , whereas the holes are much more localized, with ~2 m e . This difference in effective mass is a common phenomenon in standard semiconductors. Nevertheless, because of the low dielectric constant and the layered structure, E b (1.03 eV for the monolayer of PTI-0, see Table 1 ) is much higher than the thermal energy. The computed values of E b within the Wannier-Mott model give values very similar to those obtained by the G 0 W 0 -BSE approach on pure g-C 3 N 4 invoked by Wei et al., confirming the choice of the 2D Wannier-Mott model. 66 Due to the high E b , the photogenerated exciton is not spontaneously dissociated at room temperature, thereby increasing the probability of recombination. Effective utilization of the interface with the cocatalyst is therefore required to achieve high photocatalytic efficiency. No decrease in E b is found upon increasing the doping level from 12.5 to 50%. This confirms that a small amount of doping lowers bandgap without distorting the material structure; a larger amount of doping does not improve the excitonic properties but distorts the structure. Consistent with this calculation, a high ratio of the TAP molecule experimentally led to the destruction of crystallinity of PTI structure. Therefore, in this study, we focused on the PTI-0.143 (DFT) and PTI-0.15 (experiment), where the crystalline nature remains, and bandgap narrowing is prevalent.
Initially, the sample without KCC-1, PTI-0.15, was tested for the photocatalytic HER rate using 3 wt% Pt as a cocatalyst in 10 vol% aqueous TEOA solution (pH = 10.8) using an Asahi Xe lamp with a 385-740 nm cut-off filter; the HER was 13 µmol h −1 , which was a factor of 6 times faster than that of the g-C 3 N 4 reference ( Figure 7A ). When the KCC-1 was used as a removable template, after silica leaching from the CN, the hollow spherical PTI-0.15 showed a slight increase in the HER, 20 µmol h −1
. Intriguingly, the highest activity seen in the CN sample with KCC-1, PTI-0.15/KCC-1 was 33 µmol h −1 , which is almost 17 times higher than that of g-C 3 N 4 . It seems reasonable to assume that surface reconstruction also occurs in the materials during silica removal and that this could be responsible for the loss of activity (20 µmol h −1 ). Beside the effect on the semiconductor's morphology when covering the silica with CN, the effect of the mere presence of silica nanoparticles on the CN's photocatalytic activity was investigated in physical mixing. Benefits of the physical mixture, such as the possible increase in the path length of the incoming light through Mie scattering by the nanoparticles, could be identified in this manner. However, no improvement was found. A close interconnection and proper arrangement of the resultant CN from the use of silica might be needed for higher activity. Additionally, the sample without TAP, PTI-0/KCC-1 showed inferior photocatalytic activity (no detectable H 2 ), suggesting that the effect of TAP is prevalent on the photon absorption and the resultant photocatalytic activity rather than that of silica. The stability of the PTI-0.15/KCC-1 was tested by performing the photocatalytic reaction for several cycles (Figure S10) . Deactivation was observed after first run (10 h) but after that it showed stable performance for another 40 h of reaction.
In general, time-resolved laser spectroscopy is an extremely powerful technique to probe various recombination mechanisms and their dynamics. [67] [68] [69] [70] Because the dynamics of ground-state bleach recovery are directly proportional to the exciton depopulation, they are used as a convenient probe to determine the excited state dynamics including electron trapping and charge separation and recombination at materials surfaces and interfaces. After 350 nm of optical excitation, which was above the bandgap excitation, a clear ground-state bleach of approximately 500 nm corresponding to steady-state absorption was observed for the materials with a slight change in spectral features, as shown in Figure S9 . By analyzing the dynamics of the transient signal using a global-fitting procedure (Table S3) , we observed that each decay curve in the fsps regime (Figure 8 ) had a fast component with a characteristic time constant of a few picoseconds and a slow component with a time constant of hundreds of picoseconds. More specifically, we show that carrier recombination of PTI-0.15/KCC-1 became slower compared to PTI-0.15/KCC-1 after silica removal and PTI-0.15. In other words, our results clearly demonstrate a significantly slower carrier recombination for CN with silica than the others. Such long lifetimes of excited carriers in the presence of silica can be directly correlated with the high photocatalytic activities reported in this study. To determine exactly which wavelength contributed to the HER, action spectra of PTI-0.15/KCC-1 were measured after 15 h reaction using different band-pass filters. As shown in Figure 7b , the AQE of the PTI-0.15/KCC-1 for HER at 400 and 420 nm was as high as 22.1% and 16.9%, respectively, which are among the highest efficiencies reported using CN photocatalysts. Trend of photocatalytic activity as a function of excitation wavelength follows that of absorption spectrum of the material. Noticeably, the extended visible-light absorption truly contributed to the photocatalytic HER, though there was a little decrease in activity. This decreased photocatalytic efficiency in the extended visible-light range can likely be explained in terms of a weak absorption coefficient (n to π* excitation) and the localized electronic states that developed from the presence of dopant.
HAADF-STEM analysis showed that the spherical morphology after 15 h of photocatalytic reaction (Figure 9a ) was retained. The growth of carbon nitride nanofiber was regularly assembled surrounding the sphere and after reaction this as-9 sembly was found to be largely intact with some slight deformation. Highly dispersed, very small Pt nanoparticles were found (Figure 9c ) and confirmed by EDXA (Figure 9d ), in addition to some relatively large particles of an average diameter of ~ 4.2 nm (Figure 9b ), indicating a possible reason for the high activity of this material. The powder XRD of the PTI-0.15/KCC-1 after a photocatalytic reaction ( Figure S11 ) revealed the preserved pattern, indicating its structural robustness. As discussed previously, the DFT calculations (Table 1) highlight that large exciton binding energy is the bottleneck for the use of CN in photocatalysis. 71 From that point of view, CN can be seen as very similar to semiconductor polymers such as poly 3-hexylthiophene (P3HT), the exciton diffusion length of which was reported to be approximately 10 nm. 72, 73 To overcome this exciton dissociation problem in polymer photovoltaics, the community developed the so-called bulkheterojunction architecture. 74 This bulk-heterojunction effectively utilizes the interface between the electron-and holeconducting material mixed at molecular level, increasing the probability for the exciton to encounter an interface prior to recombination. Based on the results presented in this paper, it is concluded that the same architecture is necessary for CNbased photocatalytic devices. Our CN forms fiber-like morphology of ~ 30 nm width. Due to the similarities of CN with polymer semiconductor, it can be assumed that the diffusion length of the exciton is around 50 nm. This means that the exciton must encounter an interface within ~50 nm to be dissociated. Using a large surface area of the CN, a large dispersion of Pt clusters will create effective junction at metalsemiconductor interface, helping to dissociate exciton due to the energy difference between the CB of CN and the Fermi energy of Pt. In contrast to classical bulk heterojunction, the full surface of CN should not be covered by the cocatalyst because the hole (which remains inside the CN after the dissociation) must react with the hole scavenger at the interface between CN and the electrolyte. The presence of this silica might help scavenge the surface holes 75 and thereby, surface electrons can have time to go to the Pt active site, precluding the loss due to electron-hole recombination, which is prevalent in bare CN. Thus, the competitive process of trapping the charge carrier, particularly the hole, by the existing defects in the silica in a way hinders the recombination loss and enhances the photocatalytic activity by promoting electron-hole separation. In general, for the HER, the rate of the hole transfer from the heterostructure is the limiting factor, as supported by our DFT calculations that give high effective masses for holes. Thus, here, thin CN nanofibers together with very small Pt nanoparticles have a profound effect on fast charge collection, and thereby reduce recombination and increase HER rates. CONCLUSIONS The PTI-based CN photocatalyst with various carbon to nitrogen ratio provided a tunable bandgap, originating from different Mel/TAP monomer ratios. DFT calculations showed that TAP doping and the resultant C incorporation into the PTI structure caused the VB shift to a more negative potential and reduces bandgap accordingly. This study attempted the CN synthesis in the presence of KCC-1, resulting in beneficial effects to improve photocatalytic stability. The optimized synthesis yielded a HER photocatalyst with a remarkable AQE of 22.1 ± 3% at 400 nm for solar to HER. The improved lifetime for the ground-state bleaching of the excited charge carriers was evidenced by time-resolved transient absorption spectroscopy of the optimized CN/KCC-1 photocatalyst, consistent with the higher photocatalytic performance than that of CN without KCC-1. A fibrous CN morphology coated with highly dispersed Pt nanoparticles was identified, likely providing effective interface between the metal and the semiconductor. The large exciton-binding energy calculated from DFT indicates that such architecture is necessary to obtain efficient exciton dissociation. Further studies are required to provide a better understanding of the silica effects in particular; nevertheless, this type of synthesis strategy enabled us to create a robust CN photocatalyst.
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